Abstract Broccoli (Brassica oleracea L. var. italica) is an important, nutritionally rich vegetable crop, but severely affected by environmental stresses, pests and diseases which cause massive yield and quality losses. Genetic manipulation is becoming an important method for broccoli improvement. In the present study, a reproducible and highly efficient protocol for obtaining organogenesis from hypocotyl, cotyledon, leaf and petiole explants of broccoli (Brassica oleracea L. var. italica cv. Solan green head) has been developed. Hypocotyl and cotyledon explants were used from 10 to 12 days old aseptically grown seedlings whereas leaf and petiole explants were excised from 18 to 20 days old green house grown seedlings and surface sterilized. These explants were cultured on shoot induction medium containing different concentration and combination of BAP and NAA. High efficiency shoot regeneration has been achieved in hypocotyl (83.33 %), cotyledon (90.11 %), leaf (62.96 %) and petiole (91.10 %) explants on MS medium supplemented with 3.5 mg/l BAP+ 0.019 mg/l NAA 2.5 mg/l BAP+0.5 mg/l NAA, 4.0 mg/l BAP+0.5 mg/l NAA and 4.5 mg/l BAP+0.019 mg/l NAA respectively. Petiole explants showed maximum shoot regeneration response as compared to other explants. MS medium supplemented with 0.10 mg/l NAA was found best for root regeneration (100 %) from in vitro developed shoots. The regenerated complete plantlets were transferred to the pots containing cocopeat and successfully acclimatized. This optimized regeneration protocol can be efficiently used for genetic transformation in broccoli. This is the first comparative report on multiple shoot induction using four different types of explants viz. hypocotyl, cotyledon, leaf and petiole.
Introduction
Brassica oleracea L. var. italica, commonly known as broccoli belongs to the family Brassicaceae, which is nutritionally rich, high in vitamin A and C, soluble fiber and also contains the compound glucoraphanin, leading to an anticancer compound sulforaphane. It deserves greater breeding attention by seed companies with its increasing area of production in recent years and the anticarcinogenic properties detected in some cultivars (Kirsh et al. 2007 ). However, broccoli is severely affected by the insect pest such as diamondback moth (Plutella xylostella), cabbage looper (Trichoplusia sp.), beetles (Phyllotreta cruciferae) and aphids (Brevicoryne brassicae). Being an economically important crop, application of plant tissue culture and genetic engineering in broccoli cultivation is of special value to obtain improved or desirable traits like disease and insect resistance in this vegetable crop. Development of high frequency plant regeneration protocol is a pre-requisite to carry out genetic transformation studies. Plant regeneration studies in broccoli were carried out by various workers using various explants such as peduncle (Christey and Earle 1991) , hypocotyl (Puddephat et al. 2001; Kim and Botella 2002; Ravanfar et al. 2009 ), leaf tissue (Robertson and Earle 1986; Cao and Earle 2003) and cotyledon (Qin et al. 2006; Huang et al. 2011) . In this paper, we described the high frequency shoot regeneration ability of hypocotyl, cotyledon, leaf and petiole explants by using different combination of BAP and NAA in broccoli (Brassica oleracea L. var. italica cv. Solan green head). Plant regeneration studies are genotype specific and the present genotype cv. Solan Green Head has not been worked out so far. This is the first comparative report on high frequency organogenesis using four explants hypocotyl, cotyledon, leaf and Petiole as compared to the previous studies. The aim of developing an efficient plant regeneration protocol for broccoli was to provide a useful method for producing genetically modi fied plants through Agrobacterium-mediated gene transfer technique.
Material and methods

Plant material and culture medium
The certified, uniform and healthy seeds of broccoli (Brassica oleracea L. var italica cv. Solan green head) were procured and surface sterilized. These seeds were inoculated on half strength MS basal medium (Murashige and Skoog 1962) containing 0.5 % sucrose for germination. Aseptically grown 10-12 days old seedlings of broccoli were used as a source of explants for hypocotyl and cotyledon whereas, leaf and petiole explants were procured from 18 to 20 days old glass house grown seedlings of broccoli for plant regeneration studies.
The explants were cultured on MS salt (macro and micro), supplemented with vitamins and 100 mg/l meso-inositol, 3 % sucrose and 0.8 % agar agar was also used as basal medium in shoot regeneration experiments. Different combinations and concentrations of BAP and NAA were used in MS basal medium for shoot regeneration studies. The pH of the medium was adjusted to 5.8 before adding agar-agar to the medium. The medium was poured in culture vessels and sterilized at 15 lb per inch square for 15 min in an autoclave. All the aseptic manipulations were carried out under laminar air flow chamber.
Plant Regeneration from four different types of explants viz. hypocotyl, cotyledon, leaf and petiole To optimize the culture medium for high frequency shoot regeneration, hypocotyl (0.5-1.0 cm) and cotyledon (0.5-1.0 cm) explants were excised from aseptically grown seedlings whereas, leaf (0.5-1.0 cm) and petiole (0.5-1.0 cm) explants were excised from in vivo grown seedling. All the explants were cultured on MS basal medium supplemented with various combinations and concentrations of BAP and NAA (mg/l). Nine different concentrations were constituted for each combination of the plant growth regulators in order to achieve the objective of high frequency plant regeneration in broccoli (Tables 1 and 2 ). The explants were evaluated for average number of shoots per explant and percent shoot regeneration. After inoculation, the culture vessels were kept in the culture room at 26±2°C under 16 h photoperiod with cool white fluorescent lamps (40 m mol/m 2 /s) having 70-80 % humidity. The regenerated shoots (2-3 cm) obtained from both the explants were separated and individual shoot was transferred to the root regeneration medium containing various concentrations of different auxins IAA, NAA and IBA for root induction to get a complete plantlet. After the regeneration of roots, the percentage of shoots forming roots was calculated.
Acclimatization of regenerated plantlets
The regenerated plantlets were taken out of the culture tubes carefully and the rooted plantlets were washed gently under running tap water in order to remove traces of adhering medium. After removal of the medium, the plantlets were kept in running tap water for a few minutes so that they do not wilt after transfer to soil. Plantlets were treated with 0.5 % bavistin solution for 5 min. The in vitro regenerated plantlets were transferred to sterilized cocopeat containing pots. After the transfer of the plantlets they were covered with the polythene bags in order to maintain optimum relative humidity. These were then transferred to the culture room in which temperature and light conditions were controlled. Water was sprayed twice a day to maintain high relative humidity. After 21 days when plants showed initial signs of establishment in pots with appearance of new leaves, the polythene bags were temporarily removed daily for few hours. The plants were finally transferred to earthen pots containing sand: soil: FYM in the ratio of 1:1:1, 30 days after the transfer of plantlets to cocopeat. The percentage survival of the hardened plants was recorded after 5 weeks of transfer to the pots.
Statistical analysis
Each treatment consisted of at least 30 explants and each experiment was repeated thrice. The data recorded for the different parameters were subjected to BComplete Randomized Design^. The statistical analysis based on mean values per treatment was made using analysis of variance of CRD (Gomez and Gomez 1984) .
Results and discussion
Multiple shoot induction from hypocotyl, cotyledon, leaf and petiole explants of broccoli Hypocotyl explants showed swelling at margins after 6-8 days of inoculation. Callus initiation at the cut ends was observed after 13-15 days and shoot initiation was observed between 30 and 35 days on different combinations of growth regulators. The cotyledon explants, on different combinations and concentrations of growth regulators showed initial expansion after 1 week. The colour of the explants turned purple green from green while no change in the colour of the media was observed. Callus initiation was observed between 18 and 20 days. Shoot initiation was observed between 35 and 40 days in case of cotyledon explants. Whereas in case of leaf explants callus initiation was observed from the cut edges between 12 and 18 days of culturing. Shoot regeneration was observed from the callus after 30-35 days of culturing. Whereas in case of petiole explants, during the initial days of culturing, swelling and expansion in the petiole explant was observed. Callus initiation was observed after 10-14 days. Adventitious shoot initiation was observed from the callus after 25-30 days of culturing.
Effect of BAP and NAA on shoot regeneration from hypocotyl explant
Nine different concentrations and combinations of BAP and NAA were used for the shoot regeneration from hypocotyl and cotyledon explants. In hypocotyl explants maximum percent shoot regeneration (83.33 %) with maximum average number of shoots (2.14) per explant was obtained on MS medium supplemented with 3.5 mg/l BAP + 0.019 mg/l NAA. (Table 1 , Fig. 1a ). Effect of BAP and NAA on shoot regeneration from cotyledon explant Nine different concentrations and combinations of BAP and NAA were used for the shoot regeneration from cotyledon explants. Best shoot regeneration medium in cotyledon explants was found to be MS medium supplemented with 2.5 mg/l BAP+0.5 mg/l NAA. Maximum percent shoot regeneration (90.11 %) and maximum average number of shoots (3.24) per explant was obtained under this condition. (Table 2 , Fig. 1b) .
Effect of BAP and NAA on shoot regeneration from leaf explant Nine different concentrations and combinations of BAP and NAA were used for the shoot regeneration from leaf explants.
In leaf explants maximum percent shoot regeneration (62.96 %), with maximum average number of shoots (2.48) per explant was obtained on MS medium supplemented with 4.0 mg/l BAP+0.5 mg/l NAA. (Table 2 , Fig. 1c ).
Effect of BAP and NAA on shoot regeneration from petiole explant Nine different concentrations and combinations of BAP and NAA were used for the shoot regeneration from petiole explants. In petiole explants, maximum percent shoot regeneration (91.10 %) and maximum average number of shoots (3.61) per explant was obtained on MS medium supplemented with 4.5 mg/l BAP+0.019 mg/l NAA. This combination also showed high frequency regeneration among all the explants on different combinations and concentrations of BAP and NAA. (Table 1 , Figs. 1d and 2 ). The regenerated shoots from the shoot induction medium were separated from each other and sub-cultured on the same media for shoot multiplication and elongation. Shoot multiplication and elongation of shoots from hypocotyl, cotyledon, leaf and petiole explants were observed on the same medium respectively. The study reported here were aim to develop high frequency plant regeneration in broccoli (Brassica oleracea L. var. italica cv. Solan green head). In vitro regeneration is influenced by many factors such as culture environment, culture medium composition, explant source, plant growth regulators and genotype (Zhang et al. 1998; Rajicic et al. 2002; Bano et al. 2010; Jana and Shekhawat 2010; Dhir and Shekhawat 2014) . In the present study, young tender completely green leaves and petiole explants from in vivo grown seedlings and completely green fully expanded cotyledons and hypocotyl which were greenish in colour and turgid nature from10-12 days old seedlings were used for efficient shoot regeneration studies. The effect of donar seedlings (Source of explants and age of explants) on shoot induction from cotyledon, hypocotyl and leaf have also been studied in different species. (Srivastava et al. 1988 (Srivastava et al. , 1989 Srivastava et al. 1991a, b; Compton and Gray 1993; Amita et al. 2012 and Sharma et al. 2014) . Rani et al. (2013) have reported that in most Brassica species regeneration is dependent on the age of the explants. Young explants have been shown to give better results than older explants in most Brassica species (Chakrabarty et al. 2002; Sharma et al. 2012; Sharma et al. 2014) . Dong and Jia (1991) have reported that shoot differentiation frequencies of cotyledonary explants from seedlings older than 7 days dropped sharply. A possible explanation is that young cotyledon and hypocotyl explants are physiologically and biochemically more active as they have less rigid cell wall and are easily affected by the environmental factors such as exogenous plant growth regulators. Nine different concentrations and combinations of BAP and NAA were used in the present studies, which were effective in multiple shoot induction. Petiole explants showed better shoot regeneration (91.10 %) followed by cotyledon (90.11 %), hypocotyl (83.33 %) and leaf (62.96 %) (Fig. 2) . Yang et al. 2010; Huang et al. 2011; Sharma et al. 2012; Sharma et al. 2014 also reported better shoot regeneration response by using combinations of BAP and NAA. Qin et al. (2006) found that cotyledon was more responsive as compared to hypocotyl explants, whereas Ravanfar et al. (2009) found that hypocotyl and shoot tips were promising explants for shoot regeneration in broccoli. According to George et al. (2008) , BAP promotes differentiation of cells into adventitious buds followed by the formation of shoots. The regenerated shoots elongated on the same medium. Ravanfar et al. 2009 and reported that BAP gave the highest number of shoots per hypocotyl and cotyledon segment with or without NAA on different cultivar of broccoli cv. Green Marvel. Varied responses could be due to genotypic differences of the cultivar or plants reacting differently during in vitro regeneration. Plant regeneration studies are genotype specific and the present genotype cv. Solan Green Head has not been worked out so far.
Root regeneration from in vitro developed shoots
Elongated shoots (about 2-3 cm long) obtained from four different types of explants viz. hypocotyl, cotyledon, leaf and petiole were excised and cultured separately on MS medium supplemented with various concentrations of different auxins i.e. IAA, IBA and NAA. Root initiation started after 10-14 days of inoculation. Maximum (100 %) root regeneration response was observed on MS half strength basal medium containing 0.1 mg/l NAA and well developed roots were observed after 20-22 days (Table 3 , Fig. 1e ). Lazzeri and Dunwell (1986) reported that high concentration of NAA was more effective for root regeneration as compared to high Ravanfar et al. 2009 and Sharma et al. 2014 reported that medium containing IBA was most suitable for root regeneration. Nevertheless, the influence of NAA, IAA or IBA on root induction was highly dependent on genotype (Arnison et al. 1990; Vandemoortele et al. 1999 ).
Hardening of regenerated plantlet of broccoli After the complete in vitro development of plantlets, they were taken out of the culture tubes and transferred to pots containing sterilized cocopeat for acclimatization. Acclimatized plantlets showed the sign of establishment (emergence of new leaves) after 4-5 weeks of transfer to the pots with 75 % survival rate and all the plantlets were morphologically normal. (Fig. 1f) . The primary aim of our work to develop reliable and high frequency plant regeneration protocol for the introduction of a desirable gene, in broccoli, was successfully achieved. These results clearly suggest that high frequency plant regeneration was possible in broccoli cultivar BSolan green head( broccoli) and it can be favorably exploited for genetic engineering purposes. To the best of our knowledge, this is the first comparative report on high frequency organogenesis using four explants hypocotyl, cotyledon, leaf and petiole from India.
